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SUBSURFACE BROADBAND ACOUSTIC MICROSCOPY OF SOLIDS USING 
APERTURE LENSES 
ABSTRACT 
M. Nikoonahad, Yue Guangqi and E.A. Ash 
Department of Electrical & Electronic Engineering 
University College London 
Torrington Place, London, WCIE 7JE, England 
The imaging of interior planes in a solid object involves 
difficulties with spherical aberration, with the elimination of 
the front surface echo, and with the need in some cases to use sig-
nal processing techniques in order to enhance the signal-to-noise 
ratio. This paper shows that suitably designed spherical lenses 
can be used to minimize the spherical aberration. The elimination 
of the front surface echo requires careful time-gating and very 
short, broadband pulses. It is shown by using extended chirp pul-
ses, the signal-to-noise ratio for subsurface objects can be very 
greatly improved. A number of examples of the use of these tech-
niques for NDE are presented. 
INTRODUCTION 
Acoustic microscopy allows the examination of subsurface 
planes within optically opaque solids. l For applications where 
the anticipated image contrast depends on elastic properties of the 
object, acoustic microscopy is the only choice--there is competi-
tion neither from x-ray, nor from neutrons. In practice one must, 
however, face two distinct difficulties. The first is concerned 
with the need to avoid the large spherical aberration which can 
arise from the high propagation velocities of typical solids. The 
second is the difficulty of seeing the wanted signal, in the face 
of the much larger echo, which derives from reflection at the sur-
face and which, for object planes close to the surface, arrives 
only slightly earlier than the wanted signal. The purpose of this 
contribution is to examine approaches for overcoming both these 
diff icul ties. 
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The problem of focusing in a high velocity solid has been dis-
cussed by a number of authors. One approach is to reduce the differ-
ence in velocities between the solid and the coupling liquid by re-
sorting to liquid metals. 2 • s A further advantage is gained by ima-
ging with shear waves in the solid. 2 The use of liquid metals, how-
ever, can pose some problems, such as the difficulty of wetting for 
some objects, and the tendency for chemical interaction in others. 
If one then wishes to retain water as the coupling fluid, one can 
still wholly eliminate spherical aberration by designing an appro-
priate aspheric lens.~ For most applications one can, however, ob-
tain adequately low spherical aberration using a spherical lens 
having a suitably reduced aperture. The considerations leading to 
the appropriate design will be presented in the next section. 
The "glare" from the front surface echo can be tolerated if 
the surface is perfectly smooth and hence devoid of contrast. There 
is then no absolute need to separate it from the signal, since it 
merely provides a constant additive level. However, it will use up 
some and possibly a large part of the available dynamic range. 
If--and this, in our experience, tends to be the more usual problem--
the surface is not devoid of contrast, it becomes essential to re-
move this echo by time-gating. For an object plane close to the 
surface, this implies the use of very short pulses, and hence the 
need for very broadband transducer systems, which are briefly dis-
cussed. Some experimental results obtained with small aperture 
lenses and moderately broadband transducers are presented in a fur-
ther section. In striving for ever shorter pulses to allow exami-
nation of defects closer to a rough surface, one encounters the 
dilemma so well known in radar: Having achieved the requisite short 
pulses, one finds that they contain all too little energy. The use 
of short pulses is at the expense of the attainable signal-to-noise 
ratio. The solution widely adopted in radar (as well as by bats) 
is to use long, coded pulses which are subsequently compressed. We 
have adopted the same approach for acoustic microscopy. The design 
of such a system and some early experimental results will be pre-
sented. 
LENS DESIGN FOR SUBSURFACE IMAGING 
Figure 1 shows the ray paths for the lens, liquid, solid con-
figuration. The starting point is to choose S, the angular aperture 
of the rays at the focus. If one makes this angle somewhat smaller 
than that for focusing in water, the diffraction limited resolution 
is slightly degraded, but the spherical aberration is reduced by a 
much larger factor--spherical aberrations depend on the third power 
of the angle. We have found that an angle of the order of 40° is 
usually a good compromise. Thereafter, we need nothing more than 
Snell's law to derive the required lens characteristics: 
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Fig. 1. The Paths of Periphery Rays Coming to Focus, below 
the Surface of a Solid. 
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where r is the object velocity ratio in the form C2/C I • 
easily ge shown that: 
e tan-I (::::: : -I) 
It can 
where r t is the lens velocity ratio in the form C/C I • Also. we 
have: 
(1) 
(2) 
AIR = 2 sin e (3) 
where A and R are the aperture diameter and radius of curvature of 
the lens, respectively. The choice of S immediately leads to the 
required value of AIR. This relationship is shown for a number of 
materials in Figure 2. It is seen that the variation for typical 
solids is not very great, so that one could hope to use the same 
lens for a number of materials. For S of 40° an AIR value of 0.4 
is acceptable. Finally, we need to determine the lens aperture A. 
Clearly, the minimum value is given by the diameter of the ray 
bundle at the surface of the solid, i.e., for a lens which just 
touches the surface. By placing the lens further away. one can 
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Figure 2. Variation of AIR of a reduced aperture lens with the 
focus angle ~, for some typical solids. r is given 
for each material. 0 
obtain a greater range of focusing. At low frequencies, one would 
opt for a relatively large lens-specimen spacing. At higher fre-
quencies, the losses in the coupling medium dominate, and the lens-
specimen spacing is reduced to the minimum. 
The focusing obtained within a solid has been studied using 
a full two dimensional Fourier Optics formulation. Q , 5 It confirms 
that, using these design techniques, one can approach fairly close 
to diffraction limited focusing for a substantial range of depths, 
for a single lens. 
TRANSDUCER BANDWIDTH CONSIDERATIONS 
As noted in the Introduction, the attainment of the highest 
possible bandwidths is essential for the imaging of near-surface 
objects. The design of the transducer bonded via an intermediate 
layer to the lens solid is well understood. 6 ,7,8 We have used the 
KLM model 8 to study the somewhat primitive bonding system we have--
LiNb03 : varnish: quartz. Figure 3 shows the result of the model-
ing, and demonstrates very clearly that for such a low impedance 
bond it is essential to use a very thin bonding layer. We have 
found it possible repeatably to obtain a 3 dB bandwidth of 40%, 
which is adequate for our immediate purpose. 
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Figure 3. The insertion loss as a function of bonding thickness 
(in wavelengths at center frequency) and frequency 
(normalized to center frequency) for a LiNb03: varnish: 
Si02 transducer structure. 
SUBSURFACE IMAGING WITH SHORT RF PULSES 
We have imaged a test sample which was fabricated from two 
0.8 mm (5 A at 40 MHz) solder-coated steel plates. Some letters 
were inscribed on one of the plates and they were then put face to 
face and bonded. Through a hole which was subsequently drilled in 
the center of the plate, some more solder was injected between the 
two plates. Figure 4 shows the echoes from different planes of the 
object. We see that the pulse is sufficiently narrow to eliminate 
the surface reflection from the "object" reflection by suitable 
time-gating. A micrograph of this structure is shown in Figure 5 . 
The letters can clearly be resolved; more importantly, we see 
a dark patch in the vicinity of the hole at the center of the 
structure. This is due to the low reflectivity in this region, 
indicative of good bonding due to the excess solder. 
This experiment was followed by the nondestructive examination 
of transistor-header bonds. The transistors examined (TIP33A) were 
NPN, audio-frequency power transistors. As shown in Figure 6, in 
this structure the silicon chip is bonded to a nickel plated copper 
header. The quality of the bond has a major effect on the thermal 
impedance of the device. The bond was imaged through the copper 
header, without any prior preparation. 
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~igure 4. Echoes from different planes of the steel plate bond. 
(A) is a spurious reflection from the lens surface. 
(B) and (C) are reflections from the surface of the 
sample and the bond, respectively. 
Figure 5. A micrograph of the steel plate solder bond. 
Field of view: 15 x 15 mm. 
Figures 7(a) and (b) show two micrographs of two different 
specimens. We can clearly see the non-uniformities in the bonding 
of each transistor. The black regions again indicate low reflec-
tion and hence good bonding. We feel this experiment to be of 
some potential importance as it suggests that the nondestructive 
examination of the bond could become a production quality control 
technique. 
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Figure 6. Schematic diagram of TIP33A plastic package power 
transistor. 
CODED PULSE IMAGING 
We have discussed the motivation for using long coded pulses 
in the Introduction. Essentially, it is a means of increasing the 
signal-to-noise ratio. In our preliminary experiments, we have used 
a linear FM chirp, produced by a commercially available SAW disper-
sion delay line. A block diagram of the system is shown in Fig. 8. 
The expander is excited by a 13ns video pulse, resulting in a 
2.2 ~s, 25 MHz bandwidth, chirp pulse centered on 60 MHz. This 
signal is applied to the transducer. Figure 9(a) shows the input 
chirp to the transducer. We have checked the transducer bandwidth 
by observing a 2.2 ~s chirp reflected from the surface of the lens. 
The reflected chirps from different planes of the object are 
compressed to 50 ns pulses with a compression gain of 17 dB. Fig-
ure 9(b) shows two uncompressed chirps reflected from two sides of 
a glass microscope slide; the double transit through the slide is 
400 ns, as compared with the length of the chirp, which is 2.2 ~s. 
There is naturally interference between the front-surface and the 
rear-surface echo. However, once the signal is compressed, we can 
clearly resolve the two signals, Figure 9(c). 
1618 M. NIKOONAHAD ET AL. 
(a) 
(b) 
Figure 7. (a) and (b) micrographs of two different transistor 
bonds taken at 40 MHz. Field of view: 6 x 6 rnm. 
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Figure 8. Pulse compression electronics for chirped pulse 
microscope. 
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In order to demonstrate the advantage of the pulse compression 
technique, we made a test sample by inscribing three letters on a 
dural plate. We imaged the letters through the plate by two 
methods. once using 50 ns r.f. pulses and again using 2.2 ~s chirped 
pulses. keeping the drive voltage to the transducer the same. The 
two micrographs we obtained are illustrated in Figures 10(a) and (b). 
Thus. for a given transducer input power the enhancement in the de-
tection sensitivity, using a pulse compression microscope, is 
clearly apparent. 
An immediate application of this system is seen in the class 
of low contrast objects where the signal-to-noise ratio proves to 
be inadequate. Bonds between two similar metals or metallic compo-
sites represent examples. Diffusion bonding of metals is a power-
ful technique, which is coming into wider usage. Figure ll(a) 
shows a diffusion bond between two tungsten carbide-nickel compo-
sites bonded together by a nickel interlayer. We have imaged the 
bond through the thinner part of the structure. A micrograph is 
shown in Figure 11(b). We clearly see a substantial measure of 
non-uniformity in the bond. As before. white patches indicate the 
areas of poor bonding and black regions show areas where bonding 
is good. 
DISCUSSION AND CONCLUSION 
We have shown that suitably designed spherical lenses can 
give essentially diffraction limited focusing in solids. over a 
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(a) 
(b) 
(c) 
Figure 9. Waveforms at different points of the circuitry. 
(a) input chirp pulse to the transducer. 
(b) two uncompressed chirps reflected from two sides 
of a microscope slide. 
(c) as (b). but compressed. 
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(a) 
(b) 
Figure 10. Letters imaged through 0.8 mm thick dural plate 
(a) with narrow r.f. pulses, and 
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(b) with long coded pulses, for the same transducer 
voltage. 
Field of view: 7.5 x 7.5 mm. 
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Figure 11. (a) Schematic diagram of the diffusion bond, and 
(b) a micrograph taken at 60 MHz with the pulse 
compression system. 
Field of view: 6 x 6 mm. 
substantial range of focusing. The key problem frequently encoun-
tered is the need to examine planes very close to the surface of a 
solid object. We have shown that it is possible to eliminate the 
large front-face echo by time-gating, if sufficient attention is 
SUBSURFACE BROADBAND ACOUSTIC MICROSCOPY 1623 
given to obtaining an adequate transducer bandwidth. The requisite 
short pulses, however, imply a poor signal-to-noise ratio. This 
problem has been overcome by resorting to a coded pulse (linear FM) 
signal, using SAW components for both expansion and compression. 
We have shown that it is possible to image the bond of the chip 
on a plastic encapsulated transistor header without any prior speci-
men preparation. We see this as of potential importance in quality 
assurance. We have also shown that it is possible to image a diffu-
sion bond--in spite of the fact that it is a very low contrast 
"object"--using the FM chirp pulse technique. 
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